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Related Applications 
[0001] The present application is a continuation-in-part of United States Patent 
Application Ser. No. 10/371,847, filed February 21, 2003, and entitled "A Wide Range 
Transimpedance Amplifier With A Controlled Low Frequency Cutoff At High Optical 
Power, which is hereby incorporated by reference. That application claims the benefit 
of U.S. Provisional Application No. 60/429,129, filed November 26, 2002 and entitled 
"Circuit for Wide Dynamic Range Transimpedance Amplifier," which is hereby 
incorporated by reference. 



BACKGROUND OF THE INVENTION 



mil 



The Field of the Invention 
[0002] The present invention relates to a wide dynamic range transimpedance 
amplifier. More particularly, the present invention relates to a wide dynamic range 



Sg ^2 transimpedance amplifier with a controlled low cutoff frequency as optical power 
§ 5 g ° 5 received at the transimpedance amplifier increases. 



The Relevant Technology 
[0003] Fiber optic networks use light signals to transmit data over a network. 
Although light signals are used to carry data, the light signals are typically converted 
into electrical signals in order to extract and process the data. The conversion of an 
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optical signal into an electrical signal is often achieved utilizing a fiber optic receiver. 
A fiber optic receiver converts the optical signal received over the optical fiber into an 
electrical signal, amplifies the electrical signal, and converts the electrical signal into an 
electrical digital data stream. 

[0004] The fiber optic receiver usually includes a photodiode that detects the light 
signal and converts the light signal into an electrical signal or current. A 
transimpedance amplifier amplifies the signal from the photodiode into a relatively 
large amplitude electrical signal. The amplified electrical signal is then converted into a 
digital data stream. 

[0005] The optical signals that are converted into electrical signals by the fiber optic 
receiver, however, can vary significantly in both amplitude and power. The power of 
the optical signal is often related, for example, to the length (hence loss) of the optical 
fiber over which the optical signal was transmitted, the laser source power, the 
efficiency of the photodiode, etc. These and other factors result in optical signals whose 
incident power at the transimpedance amplifier can vary significantly. 
[0006] Fiber optic receivers are only able to successfully receive and amplify optical 
signals that fall within a particular power range. In order for a fiber optic receiver to 
accommodate a wide range of optical signals, the fiber optic receiver and in particular, 
the transimpedance amplifier, should be able to detect and amplify very low levels of 
optical power as well as high levels of optical power. The range of signals that can be 
successfully amplified is therefore effectively limited by the incident optical power 
because the fiber optic receiver distorts or clamps signals whose optical power is too 
large and cannot recognize signals whose optical power is too low. 
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[0007] One problem with current transimpedance amplifiers is that extending the 
ability of the transimpedance amplifier to amplify signals with more optical power 
usually diminishes the ability of the transimpedance amplifier to amplify signals with 
low optical power. In other words, the maximum optical input power that can be 
accepted by the transimpedance amplifier while meeting signal integrity and bit error 
rate specifications is usually specified as the input optical overload. The minimum 
input power is specified as optical sensitivity. The transimpedance amplifier should be 
designed to maximize the optical overload and minimize the optical sensitivity. In most 
of the commercial or published transimpedance amplifiers, there is a direct tradeoff 
between the circuit optical (or current) sensitivity (or equivalent input current noise) and 
the optical (or current) overload. Some solutions to this problem, such as utilizing 
clamping circuitry or voltage regulators to assist in the amplification of optical signals 
with relatively large optical power, add both cost and complexity to the transimpedance 
amplifier of the fiber optical receiver. Without the aid of additional circuitry, the range 
of signals that can be successfully amplified is somewhat limited because the circuitry 
used for automatic gain control and DC cancellation introduces unwanted gain into the 
transimpedance amplifiers DC cancellation feedback loop at large optical power. 
[0008] The unwanted gain also has an adverse effect on the low frequency cutoff at 
higher optical powers. In other words, transimpedance amplifiers do not function at 
certain frequencies because the low frequency cutoff has been increased. The low 
frequency cutoff for these types of transimpedance amplifiers is related to the 
transconductance of the circuitry used for automatic gain control and DC cancellation. 
Thus, as the current of the input signal increases, the low frequency cutoff of the 
transimpedance amplifier is adversely affected. 
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BRIEF SUMMARY OF THE INVENTION 
[0009] These and other limitations are overcome by the present invention, which 
relates to a wide range dynamic transimpedance amplifier. In the present invention, the 
wide dynamic range of the transimpedance amplifier is accomplished in a manner 
where the gain in optical overload is not completely offset by a loss of optical 
sensitivity. In addition, the low cutoff frequency does not increase linearly but 
approaches an upper limit or is controlled as the input current to the transimpedance 
amplifier increases. This permits, in one embodiment, the transimpedance amplifier to 
be utilized with legacy systems that may operate at lower frequencies. The low cutoff 
frequency is controlled as the optical power increases. 

[0010] In one embodiment, a transimpedance amplifier includes feedback circuitry 
that provides both automatic gain control, AC attenuation, DC shunting, and a low 
cutoff frequency at higher optical input powers. A pnp transistor is used in the DC 
cancellation feedback circuitry such that the emitter impedance of the pnp transistor is 
controlled, via a feedback loop, by the average photodiode current. The emitter is also 
connected with the input of the transimpedance amplifier. 

[0011] As the photodiode current increases in response to increased optical power, 
the emitter impedance of the pnp transistor, which is connected with the input current or 
signal, decreases. However, unlike a common emitter npn transistor whose collector is 
connected to the input of the transimpedance amplifier, the pnp transistor does not 
introduce significant additional gain into the feedback loop as the input signal amplitude 
increases, thereby keeping the low-cutoff frequency substantially unchanged. 
[0012] An npn transistor can also be used, for example, when the transimpedance 
amplifier is connected to the emitter of the npn transistor. Also, the npn is used for in 
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embodiments where a photodiode has its cathode connected to the input of the 
transimpedance amplifier. 

[0013] Automatic gain control is achieved because the AC component of the 
photodiode current is increasingly shunted to ground by the pnp transistor as the 
average photodiode current increases. The AC component is attenuated at higher 
amplitudes. As the average photodiode current decreases, the emitter impedance of the 
pnp transistor decreases and enables low power signals to be passed with little or no 
attenuation into the main amplifier. This ensures that the optical sensitivity of the 
transimpedance amplifier is not traded for optical overload. In another example, a shunt 
feedback transimpedance amplifier also includes feedback circuitry to provide both 
automatic gain control, AC attenuation, and DC cancellation. 

[0014] The variable impedance of the feedback circuitry can be achieved using a pnp 
transistor, an npn transistor, field effect transistors, and the like. In one embodiment, 
the emitter of an npn transistor is connected with an emitter of a pnp transistor such that 
current from the photodiode can either be sourced or sunk. Photodiodes that amplify 
the input current or signal can be accommodated by optimizing, in one example, the pnp 
transistor to trigger earlier. 
O § * 5 [0015] In some embodiments of the invention, a transimpedance amplifier includes a 
P SSc B S 5 ** rst P n P tra^ist 01 " a second pnp transistor. The emitter terminal of the first pnp 
< I s § h w transistor is connected to the input of the transimpedance amplifier. The base terminal 
2 £ 2 8 S of the first pnp transistor is connected to the base terminal of the second pnp transistor. 

O t/5 

The emitter size of the second pnp transistor is some factor N smaller than the emitter 
size of the first pnp transistor. 
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[0016] Additional features and advantages of the invention will be set forth in the 
description which follows, and in part will be obvious from the description, or may be 
learned by the practice of the invention. The features and advantages of the invention 
may be realized and obtained by means of the instruments and combinations 
particularly pointed out in the appended claims. These and other features of the present 
invention will become more fully apparent from the following description and appended 
claims, or may be learned by the practice of the invention as set forth hereinafter. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0017] To further clarify the above and other advantages and features of the present 
invention, a more particular description of the invention will be rendered by reference to 
specific embodiments thereof which are illustrated in the appended drawings. It is 
appreciated that these drawings depict only typical embodiments of the invention and 
are therefore not to be considered limiting of its scope. The invention will be described 
and explained with additional specificity and detail through the use of the 
accompanying drawings in which: 

[0018] Figure 1 illustrates an exemplary environment for implementing 
embodiments of the present invention; 

[0019] Figure 2 is a block diagram of a transimpedance amplifier that provides both 
automatic gain control and DC cancellation; 

[0020] Figure 3 illustrates one embodiment of the present invention in a common 
base configuration with a variable impedance formed using a pnp transistor; 
[0021] Figure 4 illustrates an embodiment of feedback circuitry in a transimpedance 
amplifier where the variable impedance includes both an npn transistor and a pnp 
transistor, thereby enabling the variable impedance to either source or sink the current 
from the photodiode; 

[0022] Figure 5 depicts a shunt feedback transimpedance amplifier with automatic 
gain control and DC cancellation circuitry; 

[0023] Figure 6 illustrates another embodiment of feedback circuitry in a 
transimpedance amplifier using field effect transistors; 

[0024] Figure 7 plots the transimpedance of a transimpedance amplifier versus the 
average photodiode current; 
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[0025] Figure 8 plots the low cutoff frequency of a transimpedance amplifier versus 
the average current of the photodiode; 

[0026] Figure 9 illustrates another embodiment of a transimpedance amplifier with 
automatic gain control and DC cancellation circuitry; 

[0027] Figure 10 is an example plot of the gain of a transimpedance amplifier versus 
frequency; 

[0028] Figure 1 1 is an example of a number of plots of transimpedance amplifier 
transimpedance gain versus photodiode average current; and 

[0029] Figure 12 is an example of a number of plots of transimpedance amplifier 
low frequency cut-off versus photodiode average current. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 



[0030] The present invention relates to a wide dynamic range transimpedance 
amplifier. The present invention more particularly relates to a wide dynamic range 
transimpedance amplifier with automatic gain control and direct current (DC) 
cancellation control. The automatic gain control and direct current cancellation control 
are achieved in one embodiment using variable impedance circuitry whose impedance 
is controlled by or related to the average photodiode current. The variable impedance 
circuitry does not introduce significant open loop gain into the low frequency DC/AGC 
cancellation feedback loop of the transimpedance amplifier. In addition to automatic 
gain control and direct current cancellation, the optical sensitivity of the transimpedance 
amplifier is not reduced while the optical overload is increased. 

[0031] As the average photodiode current increases, the impedance of the variable 
impedance circuitry decreases. The variable impedance circuitry cancels the DC 
component of the input signal and attenuates the AC component of the input signal, 
thereby providing automatic gain control while canceling the DC component of the 
input signal. 

[0032] Figure 1 illustrates an exemplary environment for implementing 
embodiments of the present invention. Figure 1 illustrates a fiber optic receiver 100 
that receives an optical signal (light) and converts the optical signal to an electrical 
signal or data stream (usually represented as a voltage). The fiber optic receiver 100 
receives an optical signal over an optical fiber 102. A photo diode 104 or other optical 
device that converts an optical signal to an electrical signal or current (light to electrons 
conversion) receives the optical signal and generates an electrical signal 110 (current). 
The transimpedance amplifier 120 amplifies the electrical signal 110 to produce the 



-Page 10- 



DocketNo. 15436.123.2.1 



amplified electrical signal 112. The transimpedance amplifier 120 has a wide dynamic 
range that is able to amplify signals with large power without significantly diminishing 
the ability to amplify signals with low power. The amplified electrical signal 112 is 
then translated by the translation module 108 and converted into an electrical digital 
signal 114. 

[0033] Figure 2 illustrates a block diagram of an exemplary transimpedance 
amplifier in accordance with the present invention. The transimpedance amplifier 120 
includes an input stage 122 that receives an electrical current 110 from a photo diode or 
other device that converts an optical signal into the electrical voltage. An amplifier 124 
amplifies the electrical signal and helps reduce or prevent noise from being a factor. A 
buffer 126 is also optionally provided at the output of the transimpedance amplifier 120. 
In one embodiment, the input stage 122 and the amplifier 124 are referred to as an 
forward transimpedance circuit. It is understood by one of skill in the art that the input 
stage 122 and the amplifier 124 can be implemented in different configurations. 
Exemplary configurations include, but are not limited to, a common base configuration 
and a shunt feedback configuration. In addition, the amplifier 124 includes single 
ended amplification, differential amplification, and the like or any combination thereof. 
[0034] The feedback circuit 130 provides both automatic gain control and direct 
current (DC) cancellation for the transimpedance amplifier 120. In the feedback circuit 
130, a high frequency filter 132 is used to detect the DC component output by the 
amplifier 124. The DC component or low frequency component of the output of the 
amplifier 124 is passed by the high frequency filter 132 and is canceled by the variable 
impedance circuitry 140. In another embodiment, the high frequency filter 132 may be 
replaced with a peak detector or similar circuitry. 
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[0035] The variable impedance circuitry 140 also provides automatic gain control 
for the transimpedance amplifier 120 because it is able to attenuate at least some of the 
AC content of the photodiode current when the impedance of the variable impedance 
circuitry 140 decreases. In other words, the impedance of the variable impedance 
circuitry 140 changes according to the average current of the photodiode. As the 
average current received from the photodiode or other source increases, the impedance 
of the variable impedance circuitry decreases. Because the impedance of the variable 
impedance circuitry 140 decreases, the variable impedance circuitry 140 absorbs or 
attenuates some of the AC component. This provides automatic control of the 
transimpedance gain of the fiber optic receiver. When the average photodiode current is 
low, the impedance of the variable impedance circuitry 140 is relatively large and the 
AC component is not absorbed or attenuated, but is amplified at the input stage 122 
and/or by the amplifier 124. Thus, the optical overload of the transimpedance amplifier 
is increased without simultaneously trading off the optical sensitivity of the 
transimpedance amplifier. 

[0036] In This is advantageous for the transimpedance amplifier 120 because the 
range of signals that can be amplified without clipping, saturation, or other problems, is 
increased. Low power signals are also amplified by the transimpedance amplifier 120 
as the AC component is not absorbed or attenuated by the variable impedance circuitry 
140, while optical signals with higher optical power are partially absorbed or attenuated 
by the variable impedance circuitry 140. The transimpedance amplifier 120 can thereby 
successfully amplify a wide range of signals. 

[0037] Figure 3 illustrates one embodiment of a transimpedance amplifier 120. The 
transimpedance amplifier 120 of Figure 3 utilizes a common base topology with a 
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feedback circuit that provides both low frequency or DC cancellation and automatic 
gain control, as previously stated. Generally, the transimpedance amplifier includes an 
amplifier that includes one or more stages. The DC offset or component is sensed by 
the feedback circuit and eliminated from the input signal. In the example of Figure 3, 
the transistors 200 and 202 are included in the input stage. The current from the 
photodiode is converted to a voltage by the transistor 202. The voltage output by the 
transistor 200 serves as a reference voltage in this embodiment. An output signal from 
the transistors 200 and 202 is input to the transistors 206 and 208, which are arranged in 
an emitter follower configuration such that the voltage at the emitters substantially 
follows the voltage at the bases of the transistors 206 and 208. The amplifier 210 
amplifies the output of the emitter followers (206 and 208). 

[0038] The DC or low frequency component of the output of the amplifier 210 is 
passed by the low frequency operational amplifier 214, which is an example of a high 
frequency filter, and drives the base of the pnp transistor 204. Also, the DC or low 
frequency component can be sensed at the output of the input stage or at the output of 
the output of the emitter follower transistors 206 and 208. 

[0039] Figure 3, the transistor 204 is a pnp transistor and the DC component or low 
frequency component detected by the low frequency operational amplifier 214 drives 
the base of the pnp transistor 204. The emitter of the pnp transistor 204 is also 
electrically connected with the signal generated by the photodiode. As the average 
photodiode current increases, the emitter impedance of the transistor 204 decreases. 
This enables some of the AC component being processed by the transistor 202 to be 
absorbed by the transistor 204 and permits the transimpedance amplifier to amplify or 
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transmit signals whose optical power is large. The transistor 204 is an example of the 
variable impedance circuitry of Figure 2. 

[0040] Because the transimpedance amplifier shown Figure 3 uses a pnp transistor 
instead of a npn transistor for the transistor 204 (Q 2 ), the AC content or component of 
the photodiode current will be absorbed or attenuated by the transistor 204 when the 
impedance seen at the emitter of the transistor 204 decreases. This is the case when the 
photodiode current increases and the optical signal detected by the photodiode has 
increased power. 

[0041 J Furthermore, the pnp transistor 204 can be replaced with an npn transistor as 
long as the input signal from the photodiode is not connected at the collector of the npn 
transistor. The input signal is connected with the emitter of the npn transistor. Also the 
cathode of the photodiode connector is connected with the emitter of the npn transistor 
in this embodiment. 

[0042] The variation of the input impedance at the emitter of the transistor 204 with 

the average photodiode current provides an automatic control of the transimpedance 

gain of the receiver with the average photodiode current. In contrast, when an npn 

transistor is utilized instead of a pnp transistor in the embodiment of Figure 3 and the 

O § * = collector of the npn transistor is connected to the anode of the photodiode, the base o 
Q 5^ § 00 

^hw^ the output of 214 and the emitter to ground. The AC component of the photodiode 

< % a £ h w current is not attenuated because the impedance seen at the collector of the npn 

52 * 2 s £ transistor is not dependent on the average photo diode current. In addition, an npn 

O CO 

transistor introduces increased open loop gain in the frequency response as the average 
photodiode current increases. The pnp transistor 204 does not introduce the gain that 
would otherwise be introduced by an npn transistor. 
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[0043] Figure 4 illustrates another example of the variable impedance circuitry 140. 
In this example, a npn transistor 302 is coupled with the pnp transistor 204. More 
specifically, the emitter of the transistor 302 is connected to the emitter of the transistor 
204. This permits the variable impedance circuitry 140 to either source or sink the DC 
and AC components of current and the photodiode can therefore be connected to either 
a negative supply (or ground) or a positive supply. If the photodiode 306 is connected 
to a negative supply or ground, then the npn transistor 302 has a variable impedance 
that depends on the average current of the photodiode 306. When the photodiode 304 is 
utilized, then the pnp transistor 204 has a variable impedance that is used for automatic 
gain control through AC attenuation and DC cancellation. 

[0044] With reference to Figures 2 and 3, the feedback circuit includes a very low 
gain-bandwidth op-amp (B(s)) driving the base of the transistor 204 and/or the transistor 
302 (Q22). The feedback circuit senses the DC offset at the output of the Ai gain stage 
(210) or at the output of the transistors 206 and 208, or other suitable location. Because 
the gain stage of the amplifier 210 is DC coupled to the input stage of the 
transimpedance amplifier, any offset between the transistor 200 and transistor 202 
collector voltages resulting from a difference of collector current is compensated by the 
transistor 302 sourcing current at the input of the transimpedance amplifier or the 
transistor 204 sinking current at the input of the transimpedance amplifier. 
[0045] As a result, the feedback loop or circuit 130 from the amplifier or gain stage 
to the input of the transimpedance amplifier removes the DC current or low frequency 
component of the photodiode signal. Therefore, the transconductance g m i of the 
transistor 204 is proportional to the average photodiode current and hence the average 
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received optical power (assuming the internal offset generated by the transimpedance 
amplifier is ignored). 

[0046] For the transistor 302 (Q22) or the transistor 204 (Q 2 ) the transconductance is: 

where I P d is the average current of the photodiode or other optical device that converts 
an optical signal in to an electrical signal such as current. 

[0047] In the frequency range where the transimpedance amplifier junction 
capacitances and the photodiode input capacitance can be ignored, the closed loop 
transimpedance transfer function is given by: 



Sm\ 



R c- A i 



^ out Sm\ 8 ml 

I,n 1+ g "" R c -A,-g,„ 2 -B(,) 

Sml + Sml 



or 



^- = — (3) 

where the forward gain A = — — R c • A, and the feedback gain p = g m2 • B(s) . 

The transconductance of the common base input stage is g m \ and is set by the base 
voltage and the resistor Re 201 in the emitter. 

[0048] In this example, a low frequency dominant pole OP-AMP with a DC gain of 
B drives the base of the feedback transistors (pnp transistor 204 (Q 2 ) and/or the npn 
transistor 302 (Q22)). The feedback gain can be written: 
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2*^ 



P = 8.2 - V (4) 
1+ — 



'0 



[0049] The transconductance of the transistors 200 and 202 depend on the voltage 
Vbase and the resistor R E in series with their emitters. The bias of the input stage (Ic(Qi) 
and Ic(QO)) should be optimized for bandwidth and noise. The bias of the input stage 
does not depend on the average photodiode current and remains constant when the 
optical power received at the photodiode changes. 

[0050] The transimpedance amplifier 120 is examined below from the perspectives 
of low optical power and of high optical power. At low optical power, g m 2 « g m \ (or 
Ipd « Ic(Qi)). Therefore, the transimpedance of the transimpedance amplifier transfer 
function can be simplified: 



V 0 ut _ Rc: "A, 



(5) 



I,, l + R c .A,.g M2 .B(j) 

In the signal frequency band at low optical power, the transimpedance value of the 
transimpedance amplifier becomes: 

l f L = R c -A (6) 

W 2 z [0051] At high optical power, where gm\ « g m2 (or I PD » I c(Qi)) 

r m W 5 

d>-05C I out 6w2 

iiaSD y~~ — 2 () 

lISSl l + ^-Rc-VAa'BC*) 



> In the signal frequency band at high optical power, the transimpedance value becomes: 

2!-L a :IsL.R c .A | (8) 
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or 

V.,„. I 



_^ = _Bei). Rc . Al (9 ) 

[0052] The low frequency feedback causes the closed loop gain frequency response 
to have a low frequency cutoff given by: 

= ; g * 1 Z ' R c ■ 4 ■ g-a ' B ■ /o (10) 
where / 0 = — and B is the DC gain of the op-amp. 

[0053] At low optical power, g m2 « gmi (or I PD « Ic(qd). Thus, equation (10) can 
be simplified and the low frequency cutoff is given by: 

/hpf-mb =&c A x' g„,2 * B ' /o ■ (11) 
[0054] At high optical power, g mX « g m2 (or I PD » I C (qd) and equation (10) can be 
simplified and the low frequency cutoff is given by: 

/hpf-mb = R c ' A • g m i ' B • /o . (12) 
The low cutoff frequency at high optical power is not dependent on the transistor 204 or 
on the transconductance of the transistor 204. The low cutoff frequency is controlled. 

& The low cutoff frequency represents the -3 dB low corner frequency in the frequency 

SI g»l 

w 2 < 1 4 x response of the transimpedance amplifier. The present invention places a limit or 

1 4 s2 6 5 1 controls the low corner frequency at high optical power. 

g||go 

[0055] In contrast, a similar analysis applied to a circuit that utilizes an npn 

1 < - 3 ^ 

^ m transistor in place of the pnp transistor such that the collector of the npn transistor is 
connected with the input signal or current has a low frequency cutoff that is dependent 
on the transconductance of the npn transistor. As the average photodiode current 
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increases, the npn transistor causes the transimpedance amplifier to have a higher low 
frequency cutoff. One disadvantage is that a transimpedance amplifier using an npn 
transistor in the place of the pnp transistor 204 is that the transimpedance amplifier does 
not function at lower frequencies for higher optical power or larger input currents. The 
present invention, however, functions at lower frequencies for higher optical power or 
larger input currents. This permits embodiments of the transimpedance amplifier to be 
integrated with existing networks that operate at lower frequencies. 
[0056] Figure 5 is another embodiment of the automatic gain control low frequency 
feedback loop using a shunt feedback topology. The transistor 502 can be replaced with 
the circuit illustrated in Figure 4 to accommodate both a negative and positive supply as 
previously discussed. 

[0057] The same analysis can be made for the shunt-feedback transimpedance 
amplifier configurations that was made for the common base configuration of Figure 3. 
Using nodal analysis on the small signal circuit low frequency model of the 
transimpedance amplifier input stage shunt-feedback amplifier in Figure 5, the 
transimpedance transfer function of the transimpedance amplifier can be extracted. In 
the frequency range where the transimpedance amplifier junction capacitances and the 
photodiode input capacitance can be ignored, the closed loop transimpedance transfer 
function is given by: 



Sm\ R c 'A R F 



out 



or 



(13) 



4 



i+ 



•g m2 -A r B(s) 



out 



A 



I, 



l + A/3 



(14) 



in 
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where A = — SmX R(: — Rp — (forward gain) and /? = g 2 ■ B(s) (feedback gain). 

[0058] At low optical power, where R c ■ g mX » R F ■ g m2 or R F ■ I PD « R c ■ I cm , 

the transimpedance of the transimpedance amplifier transfer function can be simplified 

as: 

V aLm R^-A 

/,„ \ + R F .A rgm2 .B(s) 

[0059] In the signal frequency band, the transimpedance value becomes: 

1 f L = R,.-A l (16) 
[0060] At high optical power, where R c • g mX « R F • g ni2 or R F • I PD » R c • I C(Ql) 

Sm\ 



R c • A \ 



4 l + ^RcA-g^-Bis) 



(17) 



Sml 

[0061] In the signal frequency band, the transimpedance value becomes: 

^oul _ Sml 



hn Sml 



R C A\ (18) 



or 



^ = !f».R c . A] (19) 

[0062] The low frequency feedback causes the closed loop gain frequency response 
to have a low frequency cutoff given by: 

f _ 8«,\ R C A l R F Q R f om 

JHPF-idB - 7— — -gn,2 -O ' / 0 (20) 

1 + R C+gm2- R F 
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where f 0 = — and B is the DC gain of the opamp. 
In 

[0063] At low optical power, R c >g ml » R F >g m2 or R F -I PD «Rc-I C{QX y 

Therefore, equation (20) can be simplified and the low frequency cutoff is given by: 

/hpf-mb = V4 g„a' B 'fo (21) 
[0064] At high optical power, R c ■ g m} « R F . g m2 or • I PD » R c • / C(ffl) . 

Therefore, equation (20) can be simplified and the low frequency cutoff is given by: 

fHPF-3JB = K c -A'g m i-B'fo (22) 
Again, the low frequency cutoff at high optical power is not dependent on the 
transconductance of the transistor 502. 

[0065] Figure 6 illustrates an alternative embodiment of the variable impedance 
circuitry using field effect transistors instead of bipolar junction transistors. The 
variable impedance circuitry can include many types of field effect transistors 
(MOSFETS, JFETS), BJT transistors, and the like or any combination thereof. In 
another embodiment of the present invention, the photodiode that receives the optical 
signal is a photodiode that also amplifies the optical signal or other device that converts 
the optical signal into an electrical signal or current. 

S z ~ 

oH*i3S [0066] Figure 7 is a block diagram that plots the transimpedance of a 
E sH 1 8 - transimpedance amplifier versus the average current of the photodiode. The plot 700 

So^KS represents the transimpedance of an existing transimpedance amplifier that utilizes, in 

l* i § 8 h 

O < " a one embodiment, an npn transistor for DC cancellation. For the plot 700, the collector 
of the npn transistor is typically connected with the input signal. 
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[0067] As the average photodiode current increases, the transimpedance of existing 
transimpedance amplifiers as illustrated by the plot 700 is relatively steady and does not 
drop until the current gets larger (generally because of the saturation of the input stage). 
The plot 702, on the other hand, illustrates that the transimpedance of the 
transimpedance amplifier illustrated in Figure 3 decreases as the average photodiode 
current increases. The plot 702 also illustrates that the transimpedance increases as the 
average photodiode current decreases. At the point 704, for example, the 
transimpedance illustrated in the plot 700 is much higher than the transimpedance of the 
plot 702. 

[0068] The variable impedance circuitry of the present invention, which includes a 
pnp transistor in one embodiment, enables the transimpedance amplifier to adjust to the 
transimpedance gain gradually as the average photodiode current increases or decreases. 
[0069] Figure 8 is a graph that plots the low corner frequency of the transimpedance 
amplifier as it varies with the average photodiode current. The plot 800 illustrates a plot 
of the low corner frequency of existing transimpedance amplifiers. The plot 802 
illustrates a plot of the low corner frequency of a transimpedance amplifier in 
accordance with the present invention. More particularly, the plot 802 represents the 
low corner frequency of the transimpedance amplifier illustrated in Figure 3. 
[0070] Figure 8 illustrates that as the average photodiode current increases, the low 
cutoff frequency of the plot 800 increases rapidly and linearly. As previously 
described, this can ultimately result in circuit failure. In other words, the capability to 
transmit lower data rates at high input power optical sensitivity of the transimpedance 
amplifier represented by the plot 800 is diminished. The diminished transmission 
capability results because the low cutoff frequency is not controlled and increases 
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quickly as the input power of the optical signal or of the current from the optical device 
that converts the optical signal to an input current increases. 

[0071] In contrast, the low cutoff frequency of the transimpedance amplifier 
represented by the plot 802 levels off or approaches an upper limit as the average 
photodiode current increases. Because the increase in the low cutoff frequency in the 
plot 802 is substantially less than the increase illustrated by the plot 800, the 
transimpedance amplifier represented by the plot 802 can successfully accommodate a 
larger range of data rates. The optical sensitivity is improved and the transimpedance 
amplifier can interact with legacy systems that may operate at lower frequencies. 
[0072] Figure 9 illustrates another embodiment of a transimpedance amplifier with 
automatic gain control and DC cancellation circuitry. Figure 9 is similar to Figure 5 
and also includes transistor 907. Transistors 902 and 907 are pnp transistors. The shunt- 
feedback transimpedance amplifier of Figure 9 can be used to amplify signals having a 
wide range of different optical powers. Using nodal analysis on the circuit of Figure 9, 
the transimpedance transfer function can be identified. In Figure 9, transistor 907 can 
be some factor N smaller in the emitter size than transistor 902. Accordingly, since 
amplifier 906 cancels DC signals: 



I 2 =I„+I 



(23) 



and 




(24) 



furthermore 



RFS ~ A 3 



(25) 



and 
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'^RFS ~~ ^F\ 'IflFl 



(26) 



and thus 



^RFS — I RFl ^3 



(27) 



|0073] From equations (23) - (27) it can be calculated that: 



I, 



I =1 = • PD 

1 RFS 1 RF 1 



(N-l) 

[0074] Additionally, since amplifier 906 cancels DC signals 

^ = = ^ BEQ\ + * (N^l) + ^ S£ ^ 5 

and thus (the current through Qi) is given by: 



(28) 



(29) 



I |rr V cc-V, = VCC ^ ^'(N^Vcc-ZV,. 



V R c J 



l(N-l)J 



(30) 



[0075] Thus, I gl decreases when the photodiode average current increases 
|0076] The transconductance g mI of transistor 901 (Qi) is given by: 



o ml - . 



^cc 2V^ £ 



' 1 x 



'5t 



w 1 ^ 



(N-l)J 



(31) 



(4 

C 2 h w h h 

w trt <* t— v- 



W < h S.* 



JIMS 



[0077] At high optical power (and similar to equation 22), the low frequency cutoff 
is given by: 

f HPF-ldB = ^ C ' Sm\' B • / 0 (32) 

[0078J Similar to Figure 5, the low frequency cutoff at high optical power is not 
dependent on the transconductance of the transistor 902. Further, the low frequency 
cutoff can be adjusted by varying the value of N. Accordingly, the transconductance 
amplifier of Figure 9 can provide sufficient gain at a variety of frequencies. 
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[0079] Figure 10 is an example plot of the gain of a transimpedance amplifier versus 
frequency. As depicted in Figure 10, the circuit of Figure 9 provides similar gain over a 
range of frequencies from frequency 1001 to frequency 1002. In one embodiment, 
frequency 1001 could be set to accommodate a data rate of 50 Mb/s and frequency 1002 
could be set to accommodate a data rate of 2.5 Gb/s (or an even higher data rate). Thus, 
similar gain is provided at data rates ranging from (and including) 50 MB/s to 2.5 GB/s 
(or an even higher data rate). 

[0080] Figure 1 1 is an example of a number of plots of transimpedance amplifier 
transimpedance gain versus photodiode average current. Plot 1101 depicts an example 
of transimpedance amplifier transimpedance gain versus photodiode average current for 
a prior art circuit. Plot 1102 depicts an example of transimpedance amplifier 
transimpedance gain versus photodiode average current for a circuit (e.g., the circuit of 
Figure 5) that uses a pnp transistor (e.g., transistor 502) for gain control. Plot 1103 
depicts an example of transimpedance amplifier transimpedance gain versus photodiode 
average current for a circuit that uses two pnp transistors, having an emitter size ratio M 
of 10, for gain control For example, plot 1103 could represent the circuit of Figure 9 
where the emitter size of 902 divided by the emitter size of 907 equals 10. 
[0081] Plot 1104 depicts an example of transimpedance amplifier transimpedance 
gain versus photodiode average current for a circuit that uses two pnp transistors, 
having an emitter size ratio M of 5, for gain control. For example, plot 1 104 could 
represent the circuit of Figure 9 where the emitter size of 902 divided by the emitter size 
of 907 equals 5. Plot 1105 depicts an example of transimpedance amplifier 
transimpedance gain versus photodiode average current for a circuit that uses two pnp 
transistors, having an emitter size ratio M of 2.5, for gain control. For example, plot 
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1 105 could represent the circuit of Figure 9 where the emitter size of 902 divided by the 
emitter size of 907 equals 2.5. 

[0082] As depicted in Figure 11, as photodiode average current increases, the 
transimpedance gain for circuits that utilize two pnp transistors for gain control (e.g., 
the circuit of Figure 9) decreases more quickly than the transimpedance gain for prior 
art circuits and for circuits that utilize one pnp transistor for gain control (e.g., the 
circuit of Figure 5). For example, plots 1103, 1104, and 1105 decrease more quickly 
than plot 1102. Further, as photodiode average current increases, the transimpedance 
gain for circuits having lower emitter size ratios decreases more quickly than the 
transimpedance gain for circuits having greater emitter size ratios. For example, plot 
1105 (M=2.5) decreases more quickly than both plot 1103 (M=10) and plot 1104 
(M=5). 

[0083] Figure 12 is an example of a number of plots of transimpedance amplifier 
low frequency cut-off versus photodiode average current. Plot 1201 depicts an example 
of transimpedance amplifier low frequency cut-off versus photodiode average current 
for a prior art circuit. Plot 1202 depicts an example of transimpedance amplifier low 
frequency cut-off versus photodiode average current for a circuit (e.g., the circuit of 
Figure 5) that uses a pnp transistor (e.g., transistor 502) for gain control. Plot 1203 
depicts an example of transimpedance amplifier low frequency cut-off versus 
photodiode average current for a circuit that uses two pnp transistors, having an emitter 
size ratio M of 10, for gain control. For example, plot 1203 could represent the circuit 
of Figure 9 where the emitter size of 902 divided by the emitter size of 907 equals 1 0. 
[0084] Plot 1204 depicts an example of transimpedance amplifier low frequency cut- 
off versus photodiode average current for a circuit that uses two pnp transistors, having 
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an emitter size ratio M of 5, for gain control. For example, plot 1204 could represent 
the circuit of Figure 9 where the emitter size of 902 divided by the emitter size of 907 
equals 5. Plot 1205 depicts an example of transimpedance amplifier low frequency cut- 
off versus photodiode average current for a circuit that uses two pnp transistors, having 
an emitter size ratio M of 2.5, for gain control. For example, plot 1203 could represent 
the circuit of Figure 9 where the emitter size of 902 divided by the emitter size of 907 
equals 2.5. 

[0085] As depicted in Figure 12, as photodiode average current increases, the low 
frequency cut-off for circuits that utilize two pnp transistors for gain control (e.g., the 
circuit of Figure 9) is more controlled than the low frequency cut-off for prior art 
circuits and for circuits that utilize one pnp transistor for gain control (e.g., the circuit of 
Figure 5). For example, plots 1203, 1204, and 1205 begin transition lower once 
photodiode average current reaches a threshold value. Further, as photodiode average 
current increases, the low frequency cut-off for circuits having lower emitter size ratios 
transitions to decreasing more quickly than for circuits having greater emitter size 
ratios. For example, plot 1205 (M=2.5) transitions to decreasing more quickly than 
both plot 1203 (M=10) and plot 1204 (M=5). 

[0086] The present invention may be embodied in other specific forms without 
departing from its spirit or essential characteristics. The described embodiments are to 
be considered in all respects only as illustrative and not restrictive. The scope of the 
invention is, therefore, indicated by the appended claims rather than by the foregoing 
description. All changes which come within the meaning and range of equivalency of 
the claims are to be embraced within their scope. 
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